Echocardiography is developing rapidly. Speckle tracking echocardiography is the latest semi-automatic tool that has potential to quantitatively describe cardiac dysfunction that may be unrecognised by conventional echocardiography. It is a non-Doppler, angle-independent, feasible and reproducible method to evaluate myocardial function in both non-critically ill and critically ill populations. Increasingly it has become a standard measure of both left and right ventricle function in specific patient groups, e.g. chemotherapy-induced cardiomyopathy or pulmonary hypertension. To date there are few studies in the critically ill, predominantly in sepsis, yet all describe dysfunction beyond standard measures. Other areas of interest include heart-lung interactions, right ventricle function and twist and torsion of the heart. A word of caution is required, however, in that speckle tracking echocardiography is far from perfect and is more challenging, particularly in the critically ill, than implied by many published studies. It takes time to learn and perform and most values are not validated, particularly in the critically ill. We should be cautious in accepting that the latest software used in cardiology cohorts will automatically be the answer in the critically ill. Even with these limitations the technology is enticing and results fascinating. We are uncovering previously undescribed dysfunction and although it currently is essentially a research-based activity, there is great promise as a clinical tool as echocardiography analysis becomes more automated, and potentially speckle tracking echocardiography could help describe cardiac function in critical illness more accurately than is possible with current techniques.
Introduction
Cardiac dysfunction, either temporary or chronic, is common in the intensive care unit (ICU) and the field of critical care echocardiography (echo), although in its relative infancy, is growing rapidly. Echo is well suited to the critical care environment with its safety profile, portability and rapid feedback of results. The question arises: 'Is there dysfunction present that traditional echocardiography methods are failing to elucidate?'. One promising advance is speckle tracking echocardiography (STE) where the principal parameter described is 'strain', a measure of deformation of a structure, i.e. how a structure changes its relative length, height or width.
Tissue Doppler imaging (TDI) was the original method to describe strain, however there are several fundamental problems with this method: angle-dependence, high frame rates required (>150 frames per second), technically challenging analysis and poor reproducibility 1 . STE has emerged as the current method for strain analysis in research as well as clinical practice and has essentially made TDI strain analysis obsolete.
STE is a non-Doppler, angle-independent, semi-automatic method for strain analysis that uses lower frame rates than TDI, typically 50-100 frames per second (see Table 1 ). STE can evaluate two-dimensional (2D) and three-dimensional (3D) images and recognise motion such as torsion and twist, actions accounting for a significant portion of cardiac function and which are entirely unappreciated by routine methods of left ventricle (LV) analysis such as ejection fraction 2 .
In 1954, Professor Ian Donald, one of the pioneers of diagnostic ultrasound, stated he had "…a childish interest in machines, electronic and otherwise". Most critical care physicians can no doubt relate to this in some manner. It is human nature to be enticed by new devices and as a specialty group we are no different. However, not all new technology realises its original promise and STE should be seen in this light. Although data obtained from STE is tantalising, it is not always straightforward to perform STE analysis and specific imaging is required to get accurate results. It takes a degree of training to avoid erroneous readings; indeed in performing research-related STE analysis, calculations are repeated up to three times to ensure that readings are precise 3 . There are studies showing that with suitable training the technique is feasible and reproducible. The technique has also been validated against sonomicrometry 4 and tagged magnetic resonance imaging (MRI) 4 as gold standards, and can be done on both the left and right ventricle 5 . It should be noted that studies to date are almost entirely in the cardiology setting.
There are only a handful of studies using STE in the critically ill 6 and all describe possible benefits from its use. It is likely to remain a research tool only at this stage but as technology improves and the critical care community progresses in its understanding of advanced echocardiography there may be a future role for this equipment.
This article reviews the theory of STE, values derived, basic image acquisition, analysis techniques, limitations and what role (if any) STE may play in the future evaluation of cardiac function in the critically ill.
Speckle tracking echocardiography technology
STE analyses cardiac function based on tracking, frame by frame, the movement of groups of greyscale 'speckles' (known as 'kernels') that make up the image of the myocardium. The speckled appearance is a naturally occurring ultrasound artifact: they do not represent actual structures present in the myocardium. The speckles are caused by interferences of scattered ultrasound wave Table 1 Advantages and disadvantages of speckle tracking echocardiography reflections, from small reflectors that are spaced closer together than can be separated on the ultrasound image. The pixelated appearance of the myocardium is relatively stable and the groups of speckles that make up kernels are like a fingerprint specific for that area of myocardium. STE is a semi-automated post-processing method (i.e. analysis occurs after the images have been stored), which evaluates the degree of deformation of the kernels relative to each other, known as 'strain'. This value is used as an estimation of contractile function: the concept being that the closer the speckles move towards each other, the better the contractile function. Strain is also a negative value as it describes relative deformation (i.e. movement of one kernel versus another), therefore the more negative a number, the greater the degree of deformation, the greater the systolic function (see Figure 1 ).
Similar to estimating ventricular function with methods such as ejection fraction, STE relies on good image quality, and background image 'noise' can disrupt the tracking process. Whereas ejection fraction by Simpson's biplane method only requires definition of the endocardial border, with STE the entire myocardium should be viewed throughout the cardiac cycle. Individual ventricle segments can be ignored if they are unable to be visualised, but this may impede the accuracy of final results. In our opinion, specific imaging to optimise for higher frame rates is required to get accurate STE results (see 'How to perform Speckle Tracking Echocardiography' for details).
Definitions of values and terminology
STE analysis delivers a wealth of information both from strain curves (measuring the percentage deformation of the myocardium between two kernels) and strain rate curves (see Table 2 ). Strain rate (SR) is the rate of change in strain (dS/dt) and is expressed as 1/s. SR is used as a surrogate of systolic function and has been described to be less dependent on preload than strain, hence a better reflection of contractility 1,7 .
One-dimensional movement is commonly assessed, and the most reported and validated parameter described is longitudinal strain (in the base to apex direction) measured from apical windows. The average of the longitudinal strain in the apical four-chamber, two-chamber and three-chamber views can be averaged to give global longitudinal strain (GLS) (see Figure 2 ). This value is thought to be particularly relevant in detecting subendocardial myocardial dysfunction, the subendocardium the most sensitive to ischaemia. Parasternal Table 2 Speckle tracking echocardiography terminology
Term Description
Strain (S) Relative deformation between groups of kernels, i.e. measure of speckles (or kernels) coming together Negative value: the more negative a value the greater the degree of deformation and greater systolic function short-axis views can be used to describe movement in the circumferential and radial directions (see Figure 3 ).
Various strain values relating to the curves have been described, including end-systolic strain, peak strain, and post-peak systolic strain, each attempting to describe systolic function (see Figure 4 ). This confusing nomenclature led the echocardiography industry and leading task forces from Europe and the US to recommend end-systolic strain be the default parameter to describe systolic function in a consistent manner 8 . Although STE was originally used to describe left ventricular function, it is also used to assess right ventricle (RV) and left atrial deformation 9 .
How to perform speckle tracking echocardiography

Image acquisition
A certain degree of training is required to perform image acquisition and analysis of STE. The learning process is not excessively challenging but a sound knowledge of conventional echocardiography is important, e.g. Level II competency as per the American Society of Echocardiography as well as Australasian training standards 10 . Specific imaging optimising for frame rate and myocardium definition is important to obtain suitable images for STE analysis. The entire myocardium, including medial and lateral mitral annulus, should be seen throughout the cardiac cycle and apical foreshortening needs to be avoided. A frame rate ideally between 50-110 frames per second should be obtained using a single focal point and minimising width and depth 11 .
Speckle tracking analysis
Specific software is required for the semi-automated, off-line analysis, usually on dedicated workstations. There are vendor-specific as well as vendor-independent analysis packages available. The image is paused at end-diastole and the endocardium is traced to define the 'regions of interest', starting at one end of the mitral annulus and finishing at the other, typically with 7-15 points placed. The software automatically separates the myocardium into six segments and tracks the movement throughout the cardiac cycle. Adequate assessment of the tracking is essential to ensure accuracy of results. Segments where tracking is not adequate can be either ignored or re-traced.
Potential applications of speckle tracking echocardiography in the critically ill
STE has the potential to describe systolic and diastolic myocardial mechanics additional to those obtained by conventional echocardiography techniques. It has been shown to be of use in myocardial evaluation in a broad range of patient groups, however, in research in the critically ill the application is still in its infancy.
In the clinical setting STE is used predominantly to detect subclinical disease using LV GLS for early detection of systolic dysfunction not recognised by LV ejection fraction (LVEF). Examples include chemotherapy-induced cardiomyopathy 12 , heart failure with preserved ejection fraction 13 and hypertrophic cardiomyopathy 14 . RV free wall strain is becoming a well-recognised parameter in cohorts such as pulmonary hypertension where it has been shown to be a sensitive prognostic marker as well as predictor of treatment response 5, 15 . Many excellent review articles on the utility of STE in the cardiology setting are available 9, 11 , however summaries of the role in the critically ill are scant 6, 16 . 
(a) Septic cardiomyopathy
Sepsis-induced cardiac dysfunction has attracted the most attention in the use of STE in the critically ill, predominantly with longitudinal strain. To date there are 12 published studies: ten human (see Table 3 ) and two animal studies 3, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . These studies vary in their approach to LV longitudinal strain analysis: some using just the four-chamber view 24 , others both four-and two-chamber views 20 and others all three apical views to get the entire LV GLS 3, 27 . One of the challenging issues using STE analysis is the lack of an agreed common method of obtaining values (see Limitations). All the above studies suggest that myocardial dysfunction is frequently seen in sepsis and also that LV GLS is reduced in a large number of cases where LVEF is normal 27 . Hestenes et al 26 showed that LV GLS was reduced prior to LVEF and a reduction in cardiac output and similar findings were seen in a study using a rabbit model of severe sepsis by Li et al 25 .
Lanspa et al used STE to image 68 patients with severe sepsis or septic shock; of the patients with normal LVEF, 50% had abnormal strain and 6.5% had severely abnormal strain 24 . Orde et al, in a 60 patient cohort, found double the number of patients had poor LV function based on GLS versus LVEF and triple the number had severe abnormalities 3 .
Obtaining adequate images when performing transthoracic echocardiography in critically ill patients often becomes a major challenge. It is encouraging to note that the feasibility of performing STE analysis in patients with severe sepsis and septic shock is reported between ~63%-98%.
The prognostic significance of LV dysfunction in septic cardiomyopathy is controversial with a recent meta-analysis suggesting that LVEF is not associated with mortality 28 . The underlying mechanisms of septic cardiomyopathy have yet to be established but a favoured hypothesis is microvascular insufficiency resulting in ischaemia of the highly vulnerable subendocardial muscle layer. LV GLS may be particularly sensitive in detecting subendocardial myocardial dysfunction, although results to date are inconclusive. Conflicting results from studies exist with three showing no association 3,20,22 but two more recent studies suggesting the contrary 18, 21 . Further research is required to tease out a possible relationship between LV GLS and prognosis in septic cardiomyopathy.
(b) Regional wall motion abnormality GLS gives an overall description of cardiac function. Strain values of individual segments can also be described or displayed as 'bullseye' plots by certain vendors. These regional patterns can potentially differentiate causes of LV hypertrophy; e.g. cardiac amyloid, hypertrophic cardiomyopathy, and hypertensive heart disease have been shown to be easily recognisable, accurate and reproducible 29 .
Although to our knowledge, no research is published on the application of simple pattern recognition using strain polar maps in the critically ill, it has the potential to assist with Takotsubo's cardiomyopathy, amyloid, and coronary ischaemia, for example (see Figure 5 ). Although the classical patterns assist in identifying the pathology in patients with a single underlying process, in our experience the additional benefit of this technology in improving diagnostic accuracy in the clinical setting of the ICU is still uncertain. Regional wall motion abnormalities, conduction abnormalities, electrocardiographic changes and troponin elevation are common in the critically ill 30 and therefore polar maps may add more more confidence in regional wall motion analysis.
(c) RV free wall strain
It is in assessing RV function that STE has possibly the greatest clinical potential in the critically ill patient. RV assessment with STE is known as RV free wall strain. RV dysfunction is a common and under-recognised phenomenon. It is caused by a multitude of pathologies (e.g. sepsis, acute lung injury, pulmonary embolism) and interventions (e.g. mechanical ventilation) and is associated with significant morbidity and mortality 31 . Unfortunately, traditional measures fail to identify early RV dysfunction due to the RV's complex anatomical and physiological function. STE can distinguish dysfunction unrecognised by conventional echo both in septic cohorts showing a high proportion of RV dysfunction 3 , and with mechanical ventilation-induced RV failure 32, 33 . Through this, further insight into heart-lung interactions with mechanical ventilation may be shown. STE offers a unique insight into the way the RV responds to positive end-expiratory pressure: with RV dilation, decreased systolic function and dyssynchrony 32 . Potentially through the use of STE, RV dysfunction can be recognised earlier and treatment tailored towards a 'RV protective approach' 34 .
STE has provided insight into the RV response to acute pressure overload from pulmonary embolism, where the apical and mid RV free wall segments appear to deteriorate first, rather than be spared as suggested by McConnell 35 , and where dyssynchrony and RV dilatation may play significant roles 36 .
In terms of determining clinical outcome and directing therapy, RV free wall strain assessment has been shown to have prognostic importance and provide a better estimation of RV systolic performance than conventional measures in patients with severe heart failure being considered for device implantation or transplantation 37 .
(d) Twist and torsion
Leonard Da Vinci first noted that the ventricles twisted during systole about the LV long axis. In the 17th century physiologists and anatomists such as William Harvey, Lower and Borelli described the spiral ventricle myofibres and ventricular torsion in more detail and compared it to "wringing a cloth" 2 . Physiologists now recognise that the twisting of the LV during systole and untwisting prior to diastole is essential for normal cardiac function 38 . Viewed from the apex, the base of the LV typically rotates clockwise and the apex counterclockwise. Twist is the total angle difference between the base and apex and torsion describes the twist normalised to the length. By twisting and untwisting the heart uses less force to counter the pressures of the vascular system and hence works more effectively 6 .
There is limited available information on the role of LV torsion and recoil in critically ill patients and to our knowledge there is only one published study on the LV twist in septic shock 39 . The main findings were that peak torsion and apical rotation were reduced in the septic shock group versus normals (without a major impairment in LVEF seen) and that fluid loading increased peak torsion. It seems logical that this fundamental cardiac movement has important implications for systolic and diastolic function.
Limitations of speckle tracking echocardiography
Despite STE being available for more than a decade, the uptake of STE in the clinical setting has been relatively slow. The complexity, variability and sensitivity is not readily and easily undertaken, particularly when applied to the critically ill population. As analysis is dependent on the quality of the images, significant user variability is a problem. Such limitations also apply to echocardiography as a whole but small changes in placement of regions of interest in tracking analysis can result in significant differences in overall values, hence the importance of repeated measures to ensure congruence. The interested clinician should be aware that when exploring the use of STE, the analysis and training is time-consuming.
Similar to other echocardiography parameters, myocardial deformation may be influenced by preload and heart rate. In the critically ill both of these parameters can change rapidly, which may influence the clinical utility of STE 40 . While some studies indicate STE may be the best method to accurately assess contractility 7 , other studies have produced conflicting evidence 41 .
One major hurdle in the widespread use of STE is vendordependent values, particularly for segmental analysis 42 . Each vendor uses different algorithms for strain analysis. This has led to lack of consistency in robust cut-off measures for normal versus abnormal and severity scales. Task forces have been set up between various societies and industry to help address this 8 and the current recommendations are to report global results from multiple views (e.g. use an average of four-, three-and two-chamber apical LV views for LV GLS and not a single apical four-chamber view) rather than segmental analysis, and ensure the use of compatible software for repeated analysis or if comparing patient groups.
Future applications
(a) 3D strain 3D echo is emerging as a useful addition to 2D imaging of both the left and right ventricle and STE analysis can provide rapid, sensitive comprehensive assessment of ventricular dynamics 43 . Data obtained from STE analysis of 2D images is available in a fraction of the time compared to that obtained from 3D data. The image quality necessary and low frame rates limit the utility of 3D to relatively few patients compared to 2D imaging, particularly with STE 44 .
(b) Diastolic function assessment
Similar to strain rate assessing the rate at which peak strain is reached as a surrogate for systolic function, STE can analyse the rate at which the myocardium returns to its original position as a substitute for diastolic function. Known as strain rate early relaxation (SRe) it is similar to e' with TDI (see Figure 4 ). Validation of this value as a relevant parameter clinically is lacking but there is evidence to show that SRe can identify ischaemic areas versus viable myocardium in coronary artery disease 45 . Increasing evidence in severely septic patients suggests that LV size and diastolic function play an important role in prognostication 46 . Future studies employing SRe to elucidate diastolic function in septic patients are anticipated.
(c) Atrial strain
2D and 3D STE analysis has been performed on the atria, although no specific validation has been performed. Left atrial strain is feasible with both transthoracic and transoesophageal echo and has been shown to be associated with myocardial fibrosis and development of atrial fibrillation 9 . To date there are no published studies on the critically ill population.
Conclusions
Although the level of experience required to use this modality accurately may limit the utility and research of STE in the critically ill, it has the potential to help recognise subtle cardiac dysfunction and improve our understanding of complex heart-lung interactions and critical illness. The use of STE is likely to remain a research tool in the immediate future in the ICU setting but with improved software and ultrasound technology, it offers considerable potential and promise in moving from the research to the clinical domain.
